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Secfign B; Electrode Design and Fabrication
B.1.h Multiple Contact Spiral Nerve Cuff Electrodes

During this quarter we have fabricated silicone rubber spiral nerve cuff
electrodes containing twelve individually addressable platinum electrode contacts.
Electrodes were fabricated using two different methods as described below.

The [lirst series of electrodes were fabricated for use in acute animal
experiments. Spiral nerve cuffs were fabricated by modifying the method of Naples
et al. [1988] to create a tri-layer silicone rubber cuff that included 4 longitudinal
tripoles of recessed 1 mm diameter platinum dot electrodes, each with a separate
lead. The desigr. atlows implementation of a tripolar electrode configuration
{(cathode between two anodes) at four locations every 90° around the circumference
of the nerve trunk, and use ot transverse field steering current from a dot electrode
located 180° arpund the trunk from the cathode of the tripole.

Three rows of four perforations each were made in a 50 um thick sheet of
silicone rubber (SCIMED Surgical, Minneapolis, M) using a 23-gauge hypodermic
needle. The rows were spaced 5 mm apart and the distance between perforations in
cach row was between 2.0 and 2.75 mm, depending on the intended final inside
diameter of the cuff (2.5 to 3.5 mm). Teflon® insulated multistrand 316L stainless
steel wires (I1x7x35um, Cooner Wire Co., Chatsworth, CA) were spot-welded to 2
mm by T mm pileces of 35 um thick platinum foil (Johnsen Mathey, Pittsburgh, PA)
and were passcd through each perforation until all the electrodes lay flat on the
silicone rubber sheet. The position of each electrode in the array was thus
determined by the position of the perforation. The middle sheet, with the platinum
electrodes facing downward, was clamped at both ends, stretched, and bonded to a
second 50 pm thick unstretched sheet of silicone rubber as described by Naples, et al.
|1988]. The lead wires ran between the two sheets and were oriented perpendicularly
to the direction of stretch. A third 50 um thick silicone rubber sheet was clamped at
both ends, stretched, and bonded Lo the bilayer of the cuter and middle sheets
containing the clectrodes. Circular windows, I mm in diameter, were cut in the
inner layer using a sharpened section of hypodermic tubing to expose the electrode
surfaces, vielding electrode contacts that were recessed by 50um below the inner
surface of the cuff. The cuff, with the 12 leads, was cut out and trimmed to a width
of 20 mm leaving 5 mm between each external row of electrode contacts and the
ends of the cutf. The length ot the unrolled cuft was {rimmed to between 32 and 50
mm, depending on the diameter of the nerve trunk, in order to provide two full
wraps of the cutl around the nerve trunk. The diameters of the cuffs were between
2.5 and 35 mm to (it the range ol diamelers measured for the cat sciatic nerve

P

[Veraart ot 2f., 1993].

The tabrication methods described above were modified to produce a second
series of electrodes intended for chronic implantation. In these electrodes all twelve
leads were routed out one end of the cuff, rather than six leads exiting from each
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end. The spacing between the electrodes in a row {l.e., the longitudinal distance
between the anodes and the cathode in cach tripole) was reduced from 5 mm to
3mm. Qur simulation results indicated that closer spacing between the anodes and
cathode should improve spatial selectivity [Chintilacharuvu et al,, 1994], and the
change in inter electrode spacing allowed the overall length of the cuff to be reduced
by 40%, from 2 cm to 1.2 cm. The diameter of the window cut in the inner sheet of
silicone rubber was also reduced from 1.0 mm to 0.5 mm in a effort to improve
selectivity.

The twelve lead wires were [ormed into a single lead cable to facilitate sub-
cutaneous passing and percutaneous exit. The wires were grouped fogether and
passed through 3 mm sections of silicone rubber tubing (Dow Corning Silastic 602-
203, 1.0 mm LD., 2.2 mm O.D.) every 6 cm. The sections of tubing were glued to the
lead wires using silicone rubber elastomer (Dow Corning MDX 4-4210). At the exil
end of the lead cable, the 12 leads were divided inte 4 groups of 3 {(one group for ecach
tripole) and passed through smaller sections of silicone rubber tubing {Dow Corning
Silastic 602-155, 0.6 mm LD, 1.2 mm O.L2.). The length of the small sections of
tubing was used to code which leads belonged to each of the four tripeles (ie, 1T mm
section of tubing corresponded (o tripole 0%, 2 mm section of tubing corresponded to
tripele 90%, and so on).
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B.1.c Fubrication of Helical Spiral Cuff Electrodes

The Helical-Spiral Cutf Flectrode is intended to provide selective stimulalion
of peripheral nerves with the added benefits of endoscopic implantalion.  This
electrode cuf? takes advanlage of the self-sizing characteristics of the spiral cuff to

form intimate contact with the nerve without causing damage. In order to fit into
endoscopic surgical implant tools, the cuff must be much narrower than the
traditional spiral cuff. To accomplish this, the grid iike pattern of the spiral cuff has
been moditied to a linear pattern [or the helical-spiral cuff (Figure 1.

a.
QOO0
QOO0
CQOQO

Figure 1. The planar layout pattern of: a, The traditional spiral cuff
and b. The new helical-spiral caff.

The belical-spiral cutf wraps around the nerve in such a way that each wrap has its
respective electrodes line up with the electrodes of the previous wrap to form
tripoles, as in Figure 2.

Figure 2: The helical-spiral cuff shown
positioned arpund a nerve.

a tripole

The basic production process is similar to the spiral cuff in that the cuffl is
made n a planar zashion, using sheets of silastic bonded together at different lengths
to cause a curling tendency. The helical spiral has two main dimensions of concern
tor the production process: stretch percentage, the percent of resting length that the
elastic sheet must be stretched, and the angle at which the cuff needs to be oriented
with respect to the direction of stretch. The parameters then used to find these

o
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quantilics are 13, the diameter of the cuff and G, the distance the midpeint of the cutf
moves laterally over the course of one wrap around the nerve. A variation of an
equation from Naples to approximately relate the stretch to the diameter, D is:
% Stretch=2"T /D

where T is the average thickness of the cuff. This equation, which defines the
. stretch for a given T, is based on a cutf made of purcly elastic material. The effects of
the spine of the cuff as well as the metal wires inside the cuff, must be taken into
account. Due lo primanly the metal wires, steps had to be taken to maximize the
curling effect. One change was te use 25um monofilament wire instead of the 7
stranded 125um wire. In addition (o the change in wire, the unstretched thickness
of the cuff was minimized. It is important to reduce the unstretched thickness, as
opposed to the total thickness, since the above equation assumes that both sides of
the cuff will return to their resting lengths, which will not occur when the metal
and the spinc are added to the cuff. To minimize this thickness, the unstretched
sheet of silicone used in fabricating the spiral cuff electrode was climinated. The
helical spiral is therefore fabricated using one stretched sheet over the electrodes and
elastomer, without the additional unsiretched sheet underneath. Using both of
these modifications, we are able to get the diameter of the cuffs to be approximately
Imm with %stretch values around 80%.

The equation for the angle of the cuffl with respect 1o the direction of stretch is:
Angle = Tan ! (G/xl)
where D is the [inal diameter of the cuff, and G is the distance from midpoint to
midpoint of successive wraps of the cuff. The angle calculated is then used (o orent
the coiled wires with the electrode contacts with respect to the stretched sheet during
construction,

Once the elastomer has cured, the windows over the contacts are cut and each
contact is tested to verify that cach electrode is still contigucus. The final step in
production is to cut out the helical-spiral and trim the edges.
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B.1.d Thin Tilm Pabrication Technigues

1.} Electrode Tabrication

In the original proposal we specified that we would purchase thin film
electrode substrates frem Patrick van der Puije at the University of Otlawa.
Untortunately Dr. van der PPuije has lost his technician and will be unable io
fabricate electrodes until at least June, 1994. Therefore, we have elected to obtain
thin film electrodes from Dr. Stuart Cogan at EIC Laboratories. Dr. Cogan has
developed techniques, under NIH SBIR support, to deposit and pattern
metailization (titanium/platinum and titanium/iridium) on Teflon substrates.

We have designed a mask pattern that includes 12-electrode spiral cufts and
12-¢lectrode helical spiral cuffs. Tigure 3 illustrates the layout of elecirode contacts
and thin-film leads for each of the two designs. We are having masks {abricated at
the Electrorics Design Center here al Case Western Reserve University,  Afler the
masks are completed we will send them te Dr. Cogan who will provide us with
metallized, pailerned, and insulated substrates. We expect to begin testing of
completed thin film electrodes by the end of the third quarter.

1.} Moethods to Attach Lead Wires to Thin Films

We are conducling a study to evaiuate the strength and electrical properties of
conductive epoxy {see Quarterly Progress Report #1). We have completed testing of
control samples and are presently evaluating samples that were scaked in elevated
temperature saline to accelerate degradation. The results of this study will be
reported in QPR #3.
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Figure 3: Layout of elecirode contacts and thin-film leads for fabrication of thin film
electrodes. In both Jesigns. the anodes in each tripole are connected to a common
lead to reduce the number of leads from 12 to 8. top}- Layout fer 12-electrode spiral
nerve cuil. 2ottom) Lavout for [2-clectrode helical spiral nerve cuff.
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Section C:  Assessment of Electrode I'erformance in an Animal Model

Design and Favrication of a General Purpose, Computer Controlled, Luaboratory
Stimulator

_ A new nerve stimulator capable of improving the efficiency of experiments

has been developed. The stimulator (LABSTIM) was specifically designed to be
controlled by a personal computer. A sequence of coded pulses, transmitted via two
(nput/oulpul digital lines, determine all stimulation parameters. Pulse width,
frequency, and amplitude of stimulation can be preset by the computer. Pulse
parameters can also be updaled during stimulation, which allows the generation of
a burst of stimuli with gradually changing pulse widths, frequencies, or amplitudes.
Pulse width range is T usec - 10 msec, and the range of frequency is 1.1 Hz - 1 KHz.
The maximum amplitude that can be generated by the stimulator is 25 mA.

The vutput stimulus is a regulated current pulse which can be monophasic or
biphasic. In the case of biphasic stimulation the charge of the cathodic phase is equal
to that of the anodic phase {charge balanced). Current during the anodic phase 15
controlled and internally set to 200 uA. Monophasic and biphasic waveforms can be
selected by the computer.

LABSTIM has the ability to generate a slowly decaying transition at the end of
the cathodic phase of the current pulse (Quasi-trapezoidal pulses}. The time
corstant of this decay is determined by the computer and can vary from { usec {no
decay) to 700 usec. This option can be used 1n experiments where nerve excitation
can be produced by a sudden transition at the end of the cathodic phase (i.e., anodic
break).

LABSTIM offers oulputs for a tripolar electrode configuration (anode,
cathode, anode).  Bipolar electrode configuration can be attained by using the
cathode and onc of the anodes. In the case of tripolar configuration, the current
flowing through each anode Is the same (their sum 15 equal to the current flowing
through the cathode). However, the stimulator allows the ability to decrease the
current tlowing in one of the anodes and increase it in the other keeping their sum
equal to the cathodic current. This current imbalance is adjusted manually and is
not cenirelled by the computer.

The stimulater derives its power trom a single 9V battery, which should
maintain the stimulator for approximalely 60 hours under continuous operation.
Batrery life 1s continuouslv monitored and an indicator lights if a low battery voitage
15 detected.

The hardware described above is for a single channel stimulator {one tripolar

electrode output).  Mulliple channels can be generated by duplicating the hardware.
A rour channe!l stimulator is currently available.

4
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This system 15 presently interfaced with a Maciniosh 1Ifx. A menu driven
software interface has been developed to provide the required communication
protocol for transmission of parameter values to the stimulator. This program uses
the Labview software package and two compuler boards (I/0 and timer boards) all
manufactured by National Instruments. The pregram has been expanded to include
~data acquisition and analysis as well. Hence, the same program can now control
stimulation as well as data colleclion simultancously. The present program can
handle communications for an cight channel stimulator.

10
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C.la Performance Testing in Acute Animal Lxperiments
C.1.c Quantitative Analysis of Electrode Performance

During this quarter, we have conducted 10 acute experiments on adult cats to
quantify the recruilment properties of the 12 contact spiral cuff electrode. Appendix
[ contains a manuscript (submitted to the Journal of Neuroscience Methods) that
describes in detail the methods we have used to measure the recruitment properties.
During the next quarter we will complete analysis of the data from the acule
experiments and prepare a manuscript reporting on the input-output properties of
the cuff electrode.

11
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AppendixI

Non-Invasive Measurement of Recruitment Properties
of lmplanted Electrodes
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ABSTRACT

Recruitment properties describe the input-output characteristics of netral
stimulating electrodes. A non-invasive method was deveioped 0 measure he
. recruliment properties of eiectrodes activating peripheral motor neurons. A custom
apparatus was designed to measure *he three-dimensional isometric torque generatea
at the ankle joint by electrical activation of the car sciatic nerve. The performance of the
apparatus was quantiiied, and the utility of the method was demonstrated oV
measuring the recruitment properties of a multiple centact nerve culf electrode. It was
fourd that the peak of the twitch torque was an accurate measure of exctation, and *hat
the shape of the torGue waveform provided information about the relative diameters of
the nerve fibers that were activated. The contributions of rapidiv and siowly
contracting muscle fibers to the ankle joint torque were determined. The magnitudes
and directions of the torques produced by activation of individual fascicles of the sciatic
nerve were also determined. The methods described are useful for characterization of

neural simulating electrodes and far studies of motor system physiology.

Key Words: reauitment, electrodes, joint torque, motor prostheses, nearal stimulation,
cat, ankle joint, sdatic nerve



INTRODUCTION
Electrical activation of intact losver moior Neurons can restore movement o
spinal vord injured persons [Stein et al. 1992]. Present motor system neural prostheses
cemuiov either coiled wire intramuscular clectrodes "Memberg et al., 1993] or epimysial
disk ¢lectrodes [Grandjean and Mordimer, 1986 to excite motor neurons. These muscle-
nased electrodes have been used to restere hand grasp to guadriplegics [Gorman and
Peckham, 1991], and sianding and stepping in paraplegics [Marsolais and Kobetic,
1987]. Itis anticipated that future svsiems will require more channels of stimulation ‘or
greater tunction. For more complex svsiems, nerve electrodes offer several advantages
over muscle based electrodes [Napies ot al., 1990]. Nerve electrodes can also be applied
where muscle size or anatomy precludes the use of muscle electrodes [Mortimer and
Grill, 1993]. A number of differern: nerve ciecirodes are under development including
cutf clectrodes placed around the nerve wrunk [McNeal and Bowman, 1985, Veraart et
al., 1993], wire electrodes sutlured ta the epineurium [Thoma et al.,, 1987], and
Intratascicular clectrodes placed witnin the endoneurium [Bowman and Erickson, 19853,
Veltink et al, 1985, Nannini and Horch, 1991, Rutten et al., 1991]. Before an electrode
can be considered for application in humans, its safety and efficacy must be firmly
established. Efficacy is assessed by measuring input-output properties of the electrode-
motor nerve-muscle system. These preperties are generaily referred to as recruitment
properies, and are loosely defined as the motor output generated per unit of stimulus
inzut{e.g, stimuius amplitude, stanuius duration or stimulus frequency).

Recruitment properiies have mos: commonly been evaluated by measuring ‘he
force generated in 1solated whole musclers) by different electrical stimuli. These studies
have vielded important insights ahou: the recruitment characteristics of intramuscalar
elecrrodes [Crage et al . 1980, epimvsial electrodes {Grandjean and Mortimer, 1986],
nerve curt elecrodes 'Gorman and Mortizner, 1983, McNeal et al., 1989, Veraart et al|

1093, sea intraneural electrodes [Veltick ot al., 1935, Nannini and Horch, 1991, Rutten



et al, 1991] This method, however, is net suitable for sena: chronic testing of electrode
recrultment properties because it requires tenotomy to measure muscle force. An
alternative method to measure individual muscle force is to use implanted endon toree
. buckle transducers [Hoffer, 1990, However, this metaod is limited by inaccuracies due
to friction, viscoelastiaty, chronic tissue adapration, and diff:iculty in defining zere force
[Ashton-Miller et al., 1992]. Both these methods are also limited in the number o
muscles that can simultanecusly be recorded.

It 15 also important to quantify the effect of joint angie changes on recruitment
properties. Angle-dependert recruitment makes control of electrically aciivated muscle
diff:cult, creates regions of high and variable gain, and may limit range of motion by
causing instabiliies. Angle dependence arises from the intrinsic length-tension
properties of muscle [Rack and Westbury, 1969], from angle dependent moment arms
[Young et al, 1992}, and froem changes in the geometrical relationskip between the
stimulus field and the excitable fibers due to relative movement between the electrode
and the motor nerve fibers {.e, angle-dependent recruitment). The effect of muscle
length on recruitment properties has heen examined for intramuscular and epimysial
electrodes {Crago et al., 1980, Grandjean and Mortimer, 1983], however, because muscle
moment arms depend on joint angle [Young et al., 1992], and altering joint angle
simuiates the motion that will occur in motor prosthetic applications, joint ang.e
dependence of recruitment properties is a more appropriate measure of positional
stability.

The first goal of this work was to develop a nen-invasive method to measure the
recruitment properties of implanted stimulating electrodes. A method was needed ‘o
make repeated measurements of recruitment properties over time, and to determine tae
angle-dependence of electrode recruitment properties. The second goal of this work
was to defermine an appropriate measure of the level of muscle activation based on the

muascle twitch response. Twitch contractions are widely emploved 1n tesiurng of




recTullmen: praperties to minimize che erfects of muscle fatigue. The peak of the twitch
response has oeen used as @ mreasure of the activation level of a muscle. Suck a
measure, however, does not faxe into account the different contraction speeds o! the
cmaividual motor units. Theretore, the peak of the switch may underestimate the ievel
of activation ot slowly contracting muscle rfibers. To determine an appropriate measure
of muscie activation, the level of activation predicted by the peak of the twitch was

compared o the level of activation, predicied by the area under the twitch,

METHODS
Expemimental Apparatus

A sysiem was designed and {abricated to measure the three-dimensional
sometric orgue gererated at the cat ankie joint by electrical stimulation of the sciatic
nerve. The system was built around a commercially available three-dimensional force
transducer (JRY, Weoodland, UA, Model UFS-3A25-1:560) that employs foil strain gauges
to measure ferces In six degrees-of-ircedom (force acting in the x, v, and z directions
and moments about the x, v, and z axesi. The sensor electronics provide analog outputs
of digitally de-coupled signals, vielding measures of the different components of force
ana moment virtuaily free of aoss-taik tsee below?.

Tre force sensor was included n a customn apparatus to interface with the cat
hindlimb tfigure 1). The force senser was moeunted on a 1/2" thick stainless steel
faceplate which was able o slide along two rods. This allowed adjustment of the
arterior-posterior position of the anhle inint. The tods were fixed at one end in Kopf
Tigoposidorer carrers and at the other end were supported in sliding blocks on a rigid
frame. This ailowed the ankie j0inl angle w be varied in the sagittal plane (plantar-
dexion/dorsi-flexion direction). The Kapf micTopositioner carriers were mounted on a
custom supoort that was slso moun:ed in sliding blocks on the rigid frame. This

allowed positioning of the ankle juint relative o the knee. The foot was mounted




perpendicular ‘o the sensor face using a custom built aluminum shoe. The shoe was
adjustable in the dorsal-plantar Jdirection o align the center of the sensor with :he
IMversion-eversion axis of the ankle joint. The toot was held in the shoe wsing a tongue
. made of thermofit casting material and 3 plastic tie wraps, The knee was heid fixed
using a pair of cip camps over the distal head of the femur, and the hip was damped
in place to prevent trunk displacements generated by large plantar-flexion torques at

the ankle.

Experumertal Procedure

Acute experiments were conducted on three adult cats. All animal care and
procedures were according to NIH guidelines and were approved by the Ins:itutiona!
Animal Care and Use Committee of Case Western Reserve University. Animais were
initlally anesthetized with ketamine hydrochloride (35 mg/kg, IM.), and atropine
suifate {0.05 mg/kg, LM.) was administered to reduce salivation. Animais were
iniubated, a catheter was inserted in the cephalic vein, and a surgrical level of anesthesia
was mairtained with sodium pentobarbital (5-1C mg belus injections, LV.). A silicone
rubber culf electrode containing 12 individually addressable piatinum contacts [Veraart
et al., 1993] was implanted on the right sciatic rerve 1-2 an proximal fo the bifurcation
into tibial and common peroneal components.

The anumal was mounted in the measurement apparatus as shown in figure -
with the ankle, knee, and kip joint angles set to 90+5°, 100410, and 110x10° degrees,
respectively. The sensar was set-up to measure plantar-flexion / dorsi-flexion forces,
toe-in/ toe-out forces, and inversion/eversion torques (figure 2). Ankle oint torgues
were calculated by mulliplying the forces by the moment arm (13.12D.2 ¢m,
mean=standard deviation, n=3) measured (rom ‘he rotation center of the arkle join: to

the center of the sensaor with a resolution of L1 .



stimudation and Recording

Isometnic twitch contractions were generated in the ankle musculature by
selective electrical stimulation al the sciatic nerve via the implanted cuff electrode
. 1Veraart et al, 19537 The lorque responses generated by stimulation of individual
cranches of the scialic nerve (iblal, common peroreal, medial gastrocnemius, and
.ateral gasiroamemius/soleus) with a bipolar hook electrode were also recorded. In one
experiment EMGs were recorded from soleus, medial gastrocnemius, and lateral
gastrocnemius using bipoiar intramuscular wire electrodes.

The stimuii were morophasic or biphasic 10us rectangular regulated current
pulses delivered at 0.5 Hz from a stimulator designed and built in our laberatory.
Sumulus amplitude was set manually with calibrated potentiometers. Five twitch
responses were collected at each stimulus amplitude. The torque signals were low pass
fillered at 100 Hz and sampled at 200 Hz with a 12-bit A/D converter. EMG signals
were pandpass filtered (10 Hz-1 kHz), amplified, and sampled at 2 kHz.

The data collection system was based on & multiple function input-outpu! board
(NE-MIGO-16H, National Instruments, Austin TX) and software written in LabVIEW
(Nancnal Instruments, Ausiin, TX runnring on a Macintosh Quadra 930. The software
controlled stimulus pulsewidth, stimulus frequency, data sampling, and real time
analyels and display. Twitch waverorms and EMGs for each set of stimulus parameters
were averaged and saved. The peak torque and the torque-time integral {i.c., area
urder the torque twitch wavetorml were caleulated and saved. A real time display of
the torque twitches, EMGs, and 4 recruitment curve of the peak torque as a function of

the skEemulus curment amplitude was provided to the cxperimenter.




RESLUI.TS

Qualification of fhe Measurement Apparitus

Known masses were applied to the aluminum shoe to simulate Jcading :hat
- would occur by generation of torgues at the ankie joint. The coordinaze svstem ior
measurement of ankle ‘oint torques is shown ir figure 2 The on-axis resolution was
0.054 XN/bit for the x (toe-in/toe-out) and y (dorsi-flexion/plantar-flexion) axes, and
was 0,475 N-am /bit for the z linversion/eversion) axis. The off-axis sensitivity (coss-
talx) was less than 2% between the two force axes (x and y) and less than 3% between
the two force axes and the moment axis (z). The repeatability was 0.06 N (i.e., standard
deviation was .03 N, n=110mral kg mass applied repeatedly in one session. Similar
repeatability was measured between two different sessions between which :he
apparatus had been taken apart and re-assembled. The response of the measurement
systern was .inear between 0.5 N and 30 N (r?=989). Measurements of applied force
were independent of the point of application of the force {<1% change in the ou‘put o
the sensor for a 4 an deviadon in the point of appiication of the mass), and independent
of the position of the apparatus (<1% change in the output of the sensor for =25°

displacements in the flexion-extension direction).

Recruitment Infermation in Torque Twitches

Application of single electricai stimuli to the sciatic nerve generated twisch
contracions in the muscles of the shanx that were measured as torques about the ankie
jornt. The twitch torgue waveforms varied according to the electrode configuration and
the amplitude of the stimulus (these variables determined the nerve fibers that were
activated, see Veraart et al, 1993}, as well as the speed and rorce of contraction of the
muscle fibers innervated by the excited nerve iibers. Three tvpes of recruitment

iniormaten were obtained from the twitch waveforms: the amplitude of the orque



evoked by a particuiar stimulus, the direction or the resul:ant torque vector, and the
relstive diameters of the axons that were activazed.

Examples of twitch wavelurms obtained by both stimulation with the cuff
. electrode and supramaximal stimulation of individual nerve branches with a hook
elecirode are showr in figure 3. The individual fascicles innervating lateral
gastrocnemius (LG) and solews (SO medial pastrocnemius (MG), and the common
peroneal (CP) fascicle were selectively activated using different electrode combinations
within the cuft [Veraart et al, 1993]. Note that :he shape and ampiitude of the twizch
wavelorms generated by activation with the cuff electrode were very similar to those
obtained by stimulation of the individual nerve branches. At lower stimulus
ampiitudes {e.g., 200UA in fig. 3a) larger nerve fibers, which innervate more rapidly
contracting muscle fibers, were act:vated and the twitch had a bell shape with a
morotonically increasing rising phase ard a monotonically decreasing falling phase,
Addiutonal nerve fibers were activated as the stimulus amplitude was increased, and
the amplitude and duration of the primary lwitch (P1) were increased. In some cases a
second peak (P2) appeared. The second peak indicated activation of the smaller nerve
fibers innervating slowly cantracting muscle fibers. The latency of the first peak was 75
+3ms, and the latency of the second peak was 150 =5 ms. In figure 3a, the second peak
is very prominent and indicates that the nerve fibers innervating the SO muscle, which
i the cat consists entirely ot slow twitch muscle fibers [Burke et al., 1974], were being
activated. This was verified by EMG recordings which indicated that appearance of the
secona peak was correlated with activation of the soleus muscle. Furthermore, when
the soleus was terotomized and reflected the amplitude of the second peak was greatly
diminished. In all cases the siow component of the waveform was much iarger when
the fascicle inrervaung the LG and SO was stimulated than when the fascicle
mnervating the MG was stimudated. A smaller secondary peak from MG (figure 3b) is

consistent with the smaller percenzage vt MO siow tvitch musdle fibers as compared ko




the SO [Burke et al., 1973]. The secondary peak was also smaller for actvation of the
common peroneal fascicle (figure 3¢}, consistent with the small populatior of slow
twitch nerve fibers In the primary dorsiflexors of the ankle (tibiaiis anterior and
. extensor digitorum longus) [Dum and Kennedv, 1980].

The torques generated by the two fiber size populalions (i.e., PI and I'2) in he
plantar-flexion/dorsi-flexion direction are plotted in figure 4 as a function of the
stimulus current for each of the three fascicles represented in figure 3. The curves in
figure 4a illustrate the threshold difference between the large nerve fibers innervating
LG and the small nerve fibers innervating SO. There was a large increase in I between
100 pA and 200 1A but no increase in P2, because small nerve fibers innervating slowly
contracting muscle fibers have a higher recruitment threshold for extracellular
stimulation than do large nerve fibers [McNeal, 1976). Between 3001A and 900uA the
amplitude of P2 increased, but the amplitude of P1 did not. This resulted from
activation of the small nerve fibers innervating SO. The plateaus in the curves between
600 LA and 800 uA show that the fibers innervating LG and 50 were fully activated
before the stimulation spread to another fascicle. Above 900uA, the amplitude of I’
increases while the amplitude of P2 remains roughly constant. The increase ir Pl
indicates that the large nerve fibers innervating the rapidly contracting muscle fibers of
the agonist, MG, were recruited. This pattern of spillover was consistent with the
neighboring location of the LG/SO and MG fascicles in the sciatic nerve. The
recruitment curves for the MG and CP fascicles are shown in figures 4b and 4¢. Note
that the small nerve fibers innervating the muscle fibers producing P2 had a higher
stimulus threshold than do the large nerve fibers innervating the muscie fibers
producing P1, and that the P2 amplitudes are much smaller for the MG and the CI” than
for LG /SO. |

Figure 5 shows a 2-dimensional vector plat of the recruitment data from figure 1.

Oniv planlar-flexion/dersi-flexion and toe-in/{oe-out torques were plotted because




NVersion/eversion torgues were extrernely small (< 2 N-cm at full recruitment). Note
tnat the uxis scales ditfer by a tactor of ten, and thus the torques produced were almost
entirely in the sagitial plane. The vector plots allowed determination of the direction of
-torgues generated by both the rapidly contracting (P1) and slowiy contracting (P2}
moter units. The P1 and 2 vectors produced by activation of the LG/SO fascicie
differed in their magnitudes and directions. The I vector, representative of activation
of 1.G had a larger we-out componest than the P2 vector, which was representative of
SO activation. The angle of the I’ vector (84.9°<1.6°, meantstandard deviation) was
significantly less than the angle of the 2 vector (87.7°£3.0°) (n=9, p=0.0225, unpaired, 2-
tatled t-test, reject null hypothesis tha: the angles were the same) indicating that the LG
generated significantly more toe-out torque than the SO. The P1 and P2 veclors
generated by activation of the MG fascicle also had different magnitudes and directons.
The angle of the I'T vector (96.5°=4 4°! was significantly different than the angie of the
P2 vector (107.5°43.9°) (n=8, p=0.0001, unpaired, 2-tailed t-test, reject null hypothesis
that the angles were the same). As with the MG, the P1 and P2 vectors generated by
activation of CT had different directions. The angle of the P1 vector {-96.8°48.4°) was
less than the angle of the I'2 vector (-106.8°417.3%), however, the difference was not
significant (n=13, p=0.0727, unpaired, 2-tailed t-test, accept null hypothesis that the
angles were the same). These data indicate tha: the slow twitch muscle fibers within
these muscles generated torgues in a different direction than the torques generated by
the fast twitch muscle fivers. However, the toe-in/toe-out component of P2 vectors
were quite small {-3.0=0.5 N-an for MG, -0.3:0.4 for CP), and thus the difference in
direction between fast ard slow muscie fibers may be an artifact due to sensor

resgiution.
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Guantiticition of Activation

We hvpothesized that the activation of slow twitch muscle fibers would not be
represerled in the peak of the twitch torgue, and therefore that the peak torgue would
underestimate the tevel of activation, as compared to the torque-time integrai i.c., area
uncer the twitch). We compared the levels of activation predicted by each measure by
dewermuning the linear correlation between the peak twitch torque and the ‘orque-time
integral Jor a total of 36 different recruitment curves collected in three cats (figure pa;.
There was a high correlation betwveen the two measures of activation within each
animal (r7=09, »=0.0001), and also when all three data sets were comtined (r?=0.942.
p=u-U002). Furthermore the slope of the regression line was very similar among the
three animals (14,1, 14.3, 14.9) indicating a consistent relationship between the tOTgLe
time integral and the peak of the twitch torque. Thus, the peak torgue proved to be a
reilable summary indicator of the level of activation.

In cases where mixed fiber populations were activated {e.g., the branch of the
sclatic nerve Innervating the lateral gastrocnemius, predominantly fast twitch, and the
solcus, exciusively slow twitch) a more complex waveshape was observed (figure 3a).
In :hese mixed fiber responses, the peak torque and the torque-time integral. were still
bighly correlated ir9»0.9, p=0.0001). The correlation between the peak torgue and the
torque time integral did decrease when activation spread to antagonist muscles. Co-
contraction ot antagonists produced torque twitches with complex, polypnasic shapes
tigure 6b). The effect of the spillover on the shape of the waveform varied according to
the retative speed of the musde fibers being activated. The linear correlation eocfficient
ir~' Jdecreased 127479, imeantstandard deviation, n=3 cases of co-contraction af

anwgonists) wien the spillover waveforms were included in the regressian analvsis.



Angle Dependence of Torgue Generation
Angle-dependence of torque generation appeared as differences in the scaling
and shape of the recruitment curves measured a! different ankle joint angles.
. Recruitment curves were measured at a neutra: ankle angle (909 as well as at dorsi- and
plantar-flexed angles of the ankle (220%). An example of three recruitment curves is
shown in figure 7. Note that the wrque output of the muscles changed as the ankle
angle, and thus the muscle length, changed. As expected from the .ength-tension
properties of muscle, the {force output increased as the muscles were stretched and
decreased as the muscles were shortened [Rack and Westbury, 1969]. To quantify the
degree of angle-dependent recruitment {.c., changes in output not resulting from
length-tension properties or angle-deperdent momen: arms), ‘orques measured at ankle
angies of 110° and 70° were normalized 1o their maximum values and plotted as a
function of the normalized torque measured at an ankle angle of 90°. The normalization
process eliminates the scaling componerts due to the length-tension properties of
muscle and the angle-dependent moment arms [Crago et al, 1980]. If there is no angle-
dependence to recruitment, all points will fall on a unity slope line through the origin.
[n this case the magnitude of the error ranged rom C.6% to 32% of the maximum torque
with a mean error of 9% and there was no correlation {r2=0.02) between the magnitude
of the error and the magnitude of the torgue. This example demonstrates the ability to

measure and quartify the degree of angie-dependen: recruitment using this method.

DISCUSSION
A method was developed to guantiiv the recruitment properties of neura!
stimulating electrodes.  Arn apparatus was designed and assembled o measure the
three-dimensional isometric torque gererated at the cat ankle joint by stimulation of the
sclatic nerve. Measuring joint ‘orgue uvercomes the problems of measuring isolated

muscie force. I\»—iea:‘au:ing torques 1n three dimensions provides a way to assess the net




metor vutput gencrated by specific sttmulus parameters, rather than sampling
activation In & discrete subset of muscles. Furthermore, isolated muscie force does not
provide a clear picture of how the measured forces will translate into imb movemen:
.where muscle moment arms, distributed tendinous insertions, and muscic finer
pennation cach play a role [Zajac, 1989]. Isometric ankle jeint torque, however, is
dectly proportional to the acceleration of a limb segment upan release (a=F/m), and it
has been demonstrated that isometric torques accurately predict the trajectory of limb
mevement upon release [Giszter et al, 1993]. Finally, this method can readily be
extended to clinical application on human subjects.

The comparison of activation measures indicated that the peak of the twitch
waveform is an accurate summary indicator of excitation, even in the presence of slowly
contracting muscle fibers. The torque twitches, however, provided useful information
apout the relative speed of contraction of the activated muscle fibers, and thus the
reiattve diameters of the innervating axons. This information is important when
determining the recruitment properties of stimulating electrodes since, in general,
extracellular simulation recruits large nerve fibers at lower current amplitudes than
smzll nerve fivers. The information in the twitch waveform is usefu! to study the
etzicacy of paradigms that have been developed to achieve natura! recruitment order
{i.e. activation of small nerve fibers without activation of large nerve fibers) with
extrace:lular stimuli using either novel stimulus waveforms [Fang and Mortimer, 1990,
Gruiand Mortimer, 1993] or electrode geometries [Rutten et al., 1990].

The uiility of the methods was demonstrated by measuring the recruitment
properies or 2 multiple contact nerve cuff electrode. These methods can be used to
Juant:fy the recruitment properties of other neural stimuladng electrodes, and have
buen used to study the properties of another type of cuff electrode under development
. our laboratory [Tyler and Durand, 1993]. The methods desaribed are also useful for

siLidles OF moter svsiem physiolegy. The apparatus can be used to determine the torgue
_ phs gy 4




contributions of groups of muscles, individual muscles, or muscle sub-units [Bonsera et
al., 1992, Lawrence et al.,, 1993]. Based on the dif7erentiation between units of different
contraction speed, the method can also be used o study the torque contributions of fast
. and slow metor units. Furthermore, the apparatus is useful for measuring the torque
profiles produced by stimulation of “convergent force flelds” in the spinal cord [Giszter

et al., 1993],
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FIGURE LEGENDS

Figure 1. Apparatus to measure three-dimensional isometric torque at the cat ankle
joint.

Figure 2: Defirution of axes in measurement system ceordinates and torque components
- at the cat ankle joint.

Figure 3: Examples of rwitch torque waveforms recorded by selective activation of the
sciatic nerve with a cuff electrode or supramaximal stimulation of individual nerve
branches. Each trace shows the average plantar-flexion or dorsi-flexion torque evoked
by five simuk at the current amplitude shown above each trace. A. Twitch torque
waveforms resuliing from activation of the fascicle innervating the lateral
gastrocnemius and the soleus. Note the large contribution of the slow twitch muscle
fibers in the S5O (P2). B. Twitch torque waveform resulting from activation of the fascicle
innervating the medial gastrocnemius. C. Twitch torque waveform resulting from
activation of the common peroneal fascicle innervating the ankle dorsi-flexors.

Figure 4: Recruitment curves of the plantar-flexion/dorsi-flexion torque contributions
of the rapidly contracting muscle fibers (P1) and the slowly contracting muscle fibers
(P2} as a function of the stimulus current amplitude. A. Recruitment of LG and SO
Above 900 LA activation spreads to MG. B. Recruitment of MG. C. Recruitment of CP

fasgcle,

Figure 5 Torque vectors generated by the rapidly contracting (P1) and stowly
contracting (’Z) muscle fibers produced by activation of each of the three components
of the sciatic nerve as in figure 4.

Figure 6: A. Peak torque as a function of the torque-time integral for 36 recruitment
curves in 3 cats. The peak of the torque twitch was highly correlated with the value of
the torque time integrai indicating that the peak torque is an accurate summary
indicator of excitation. B. Examples of complex plantar-flexion/dorsi-flexion twitches
generated when activation spread to antagonist muscles (compare to figure 3).

Figure 7: An example of angle dependence of torque generated by stimulation with a
cuff electrode. A. Plantar-flexion torque as a function of stimulus current ampiitude at
three different ankie joint angles. B. Normalized plantar-flexion torque at +20° as a
furction of the normalized torque at 90°. Deviations from the unity slope lines indicate
angle dependence of torque peneration.
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